By using molecular dynamics simulation, the dynamic behaviors of particle permeation through a four-helix-bundle model channel are studied. The interior cavity of the four-helix-bundle provides the "routes" for particle permeation. The main structural properties of the model channel are similar to those that appear in natural four-helix-bundle proteins. It is found that the interior structure of the model channel may greatly influence the permeation process. At the narrow necks of the model channel, the particle would be trapped during the permeation. There is a threshold value for the driving force. When the driving force is larger than this threshold value, the mean first permeation time decreases sharply and tends to be saturated. Increasing the temperature of either the model channel or the particle reservoir can also facilitate the permeation. Enhancing the interaction strength between the particle and monomer on the four-helix-bundle model chain will hinder the permeation. Hence, the electrical current which is induced by the particle permeation is a function of the driving force and temperature. It is found that this current increases monotonically as the strength of the driving force or the temperature increases, but decreases as the interaction strength between the particle and monomer increases. It is also found that the larger the friction coefficient, the slower the permeation is. In addition, the multiparticle ͑or multi-ion͒ permeation process is also studied. The permeation of multiparticle is usually quicker than that of the single particle. The permeation of particle through a five-helix-bundle shows similar properties as that through a four-helix-bundle.
I. INTRODUCTION
Ion channel is one kind of important transmembrane protein. It keeps the concentration balance of various ions between extracellular and intracellular environments and transduces signals into or out of the cell. Disabling the function of the ion channel may lead to many diseases in human body. The study on ion channels has achieved a lot of progress both experimentally and theoretically since the crystal structure of potassium channel KcsA was solved and found to be composed of four helical domains. 1 The common conformational features of most ion channel proteins are 2 ͑1͒ every channel is composed of several similar subunits; ͑2͒ the channel can be divided into three parts according to their relevant positions in the cellular membrane, which are the extracellular part, the cytoplasmic ͑intracellular͒ part, and the central transbilayer part. In the case of a rough approximation for potassium channel, the extracellular part of the channel plays an important role in the ion selectivity, while the cytoplasmic part seems to be responsible for gating. The transmembrane part of the ion channel has a cavity surrounded by the subunits of the ion channel protein and facilitates ions to permeate through the lipid bilayer.
The conformation and the number of the subunits composing the channel cavity are different for various kinds of channels. The potassium channel KcsA has four subunits which are composed of a number of helices and loops. 1, 3 The M2 proton channel in influenza A virus is also a tetrameric ␣-helix bundle. 4 The high-voltage gated calcium channel is a multi-subunit complex. 5 The mechanosensitive channel MscL takes the form of homopentamer. 6 The ligand-gated channel nicotinic acetylcholine receptor nAChR has an assembly of five ␣-helix bundle. 7 Porin is a trimeric ␤ barrel protein. 8, 9 Hemolysin is a heptameric ␤-strand barrel. 10 Besides, many artificial ion channels, which are important for engineering applications and theoretical studies, [11] [12] [13] [14] have similar structural properties as the natural ion channels have.
Previous experiments have revealed that almost all ion channels have the ability to select specific kinds of ions and allow them to pass through. This is the characteristic of the channel selectivity. Besides the selectivity, the channel itself can change its conformation to facilitate the running of specific ions. This relates to the process of gating. 15 To understand the functions and working mechanisms of various ion channels, many models have been proposed. These models try to explain the relation between structure and function of ion channels, and to depict the behaviors of ions in the channel. Among various models, the all-atomic molecular dynamics ͑MD͒ model is well known, and has been applied to investigate: ͑1͒ the energetics of ion conduction through the potassium channel; 16 ͑2͒ the structural properties of M2 channel protein; 17 ͑3͒ the potassium and sodium selectivity of potassium channel; 18 ͑4͒ the structural and dynamic properties of a synthetic four-helix model channel. 19 It has also been used to test the appropriateness of the force fields in the study of channels. 20 Recently, a model combining the allatomic consideration and an irregular chamber has been adopted to explain the selectivity of potassium channel 21 and the ligand-gated channels. 7 Besides, a lumen model with idealized internal surface is also used to investigate the selectivity and permeation of potassium channel 22 and calcium channel. 23 The chamber model treats the subunits around the cavity as a wall which loses almost all the structural information of the cavity. 21, 23 However, it is well known that the all atomic MD simulation is quite time consuming and is limited to only several nanoseconds which is far shorter than the normal permeation time of ions ͑tens of nanoseconds͒. 18 Is it possible to make a coarse-grained model for ion channel without losing too much local structural information of the subunits of the channel protein and, in the meantime, with reachable simulation time range of the permeation process for particle?
Here in this paper, a study on the permeation of particle passing through a coarse-grained model of ion channel is reported. In this model, the ion channel is simplified as a bundle of four helices with each bead acting as one amino acid residue, and the structural properties of the protein have been preserved. Thus, the simulation at the all-atom level which is very time consuming can be avoided. The emphasis of this model is neither on the ion selectivity nor on the gating but on the permeation process which is the running of ion through the cavity of the model channel. The reasons are threefold. First, the permeation process and the impact of the local structures of the channel on the ion's mobility are important. For example, the permeation of particles in channellike proteins, such as the hemolysins and porins, is of specific interest since the selectivity is not so important as that in the selective ion channels. Second, the permeation of particles is one of the main functions in the artificial ion channels and is dominated by the interior structures which are designed distinctively for different artificial channels. 11, 24 Third, the moving of particles along a complicated force field is also an interesting topic.
Thus, the detailed dynamic behaviors of particle permeation through a four-helix-bundle model channel are simulated by molecular dynamics. It is found that the interior structure of the model channel can greatly influence the permeation process. When the driving force is larger than a threshold value, the mean first permeation time ͑MFPT͒ decreases sharply and tends to be saturated. The electrical current which is induced by the permeation of electrically charged particle, increases monotonically as the strength of the driving force or the temperature increases, but decreases as the interaction strength between the particle and monomer increases. The multiparticle ͑or multi-ion͒ permeation process is also studied. It is found that the permeation of multiparticle is usually quicker than that of the single particle. This paper is arranged as follows. In Sec. II, the model of channel and the methods for simulations are introduced. In Sec. III, the results and discussions are presented. In the final section, a summary is given.
II. METHOD

A. Channel model
The model of ion channel used in this paper follows a simplified protein model introduced by Thirumalai and co-workers. 25 They simulate the folding behavior of a fourhelix-bundle model protein which is artificially synthesized by Degrado and collaborators. 26 The same kind of artificially synthesized protein also shows the property of singlechannel current, 24 indicating that this model protein is similar to the natural ion channel. In Thirmualai's work, the fourhelix-bundle protein is modeled by a heteropolymer chain of 73 monomers or beads. The chain has four identical helical sequences separated by three same loop sequences. Each helical sequence has six hydrophobic ͑B͒ and ten hydrophilic ͑P͒ monomers. The alignment of monomers in one helical sequence is
The loop sequence is composed of three neutral ͑N͒ monomers and can be represented by
Thus, the alignment of the 73-monomer-heteropolymer is
The arrangement of such a sequence makes the heteropolymer chain have a native conformation of the four-helixbundle. Each monomer in the chain is treated as a bead with a certain radius. This radius provides the effect of excluded volume.
B. Potential energy
The total potential energy of the heteropolymer chain is a summation of the bond interactions between consecutive beads ͑U bond ͒, the bond angle interactions ͑U bond-angle ͒, the dihedral angle interactions ͑U dihedral ͒, and the long-range Lennard-Jones interactions ͑U LJ ͒ among beads separated by at least three bonds,
The interaction between every two consecutive beads represents the covalent bonds in the heteropolymer chain, and is modeled by a quadratic and quartic potential,
where r j,j+1 is the distance between two consecutive beads j and j + 1 in the simulation, d 0 is the equilibrium length of the bond and is set to be 3.8 Å. The value of 3.8 Å corresponds to the length of a trans peptide bond. 28 k 1 = and k 2 = 100 are the interaction strengths with being the unit of reduced energy. The quadratic term characterizes the consecutive beads as a harmonic oscillator, while the quartic term acts as a "soft clamp" whose function is to restrict the beads within a distance not far away from the equilibrium position d 0 .
The bond angle interaction is also defined by a harmonic potential,
in which k =20 / ͑rad͒ 2 is the bond angle interaction strength. j is the value of the jth bond angle, 0 = 105°is its equilibrium value.
There are two types of dihedral angle potentials which depends on the characteristics of the monomers involved in forming the dihedral angle. 25 In the helical regions where the monomers are either hydrophobic ͑B͒ or hydrophilic ͑P͒, the dihedral angle potential is represented by
Here the summation is over all the dihedral angles in the helical regions. j is the jth dihedral angle in these helical regions. A = B = C = 1.6 are the interaction strengths of the dihedral angle. Whereas in the loop regions where the neutral monomer ͑N͒ is involved, the dihedral angle potential is
where j is the jth dihedral angle in the loop regions. D = 0.2 is chosen to reflect the flexibility of loop region. For the interaction between two beads separated by at least three bonds, there are also two types of Lennard-Jones interactions. 25 The interaction between two hydrophobic monomers is attractive at large spatial distance, hence a 12-6 Leonard-Jones ͑LJ͒ potential is used as
͑6͒
Here is a scaling factor for the interaction and its value is chosen as = 1.7. r ij is the distance between two nonconsecutive beads i and j, ij is the equilibrium distance between them, and here we set the values of ij to be the eqilibrium distance between two consecutive monomers. The interaction between one nonhydrophoboic monomer ͑i.e., L or N͒ and another monomer of any other type is assumed to be purely repulsive. Thus we have
Here , ij , and r ij are the same quantities as mentioned above.
The moving ion is simplified as a neutral particle in most cases during the simulation of the permeation. This simplification is reasonable in the coarse-grained model since almost all the residues in the transbilayer part are electrically neutral in KcsA and many other ion channels. The synthetic channels peptide used by Lear ͑1988͒ is also composed of electrically neutral animo acids, namely, Leucine and Serine. The interaction between a particle and a monomer is set to be
͑8͒
Here the summation is over all the monomers in the heteropolymer chain. r I,j is the distance between the jth monomer and the ion ͑particle͒. = 1.7 is the scaling factor for the interaction, and IM = 2.0 Å is adopted. The reasons are that the radius of the narrowest part of the four-helix-bundle is around 2 Å, and the van der Waals ͑Vdw͒ radii of hydrogen, oxygen, and potassium are around 1 Å or slightly larger.
In the case of multiparticle, a repulsive potential is applied to model the repulsion between two ions of identical electricity
͑9͒
This gives the interaction on the ith particle by all other particles. II = 1.7 is another scaling factor for the interaction between particles. II is taken as II = 2.0 Å, ij is the distance between the ith and jth particle. The potential is a relative long-range interaction between particles.
C. Langevin dynamics
Langevin dynamics 29 is applied to proceed with the evolution of the channel system and the permeation of particles
Here reduced units are adopted based on = a ͱ m / , in which is the characteristic time of the system, a is the bond length d 0 and m is the mass of each monomer. 30 m i is the mass of the ith monomer or the particle depending on which one in the particle and the monomer is described in this formula. r i is the position vector of the ith monomer or particle, is the friction coefficient and varies from 0.05 to 10.0 in the simulations. The maximal friction coefficient used above is about one order less than the friction of N a + in bulk water. F i =−١ U is the conformational force, U is total potential of the monomer or the particle. F d is the driving force acting on the particle which originates from the electrical force caused by the membrane voltage. The electrical driving force can be simplified as F d = ⌬Uq / ⌬d, where ⌬U is the membrane voltage, q is the quantity of electrical charges on one particle, and ⌬d is the thickness of the membrane. In the reduced units, the unit of force is / d 0 . If we take ⌬U = 60 mV, q = 1.6ϫ 10 −19 C, and ⌬d = 40 Å, we have
The term of driving force is only eligible for the particle. ⌫ i is the random force satisfying
͑11͒
The subscript indicates the index of the monomer or the particle. k B is the Boltzmann constant. T is the reduced temperature. The friction coefficient satisfies Stocks' law =6a / m, where is the viscosity of the solvant, a and m are the radius and the mass of the monomer or the particle, respectively. If the monomer is assumed to have a volume of 140 Å 3 and a weight of 100 Da, then the monomer has roughly the same friction coefficient as the potassium ion has. Note that the difference in Eq. ͑10͒ for the particle or the monomer is only in the presence or the absence of the term of driving force.
Leap-frog algorithm is applied to solve the Langevin's equation, Eq. ͑10͒,
Here ␣ = ͑h / m͒ / ͓1+͑h /2m͔͒, h is the integration time step and is set to be h = 0.0005 due to the small mass of the ion, which corresponds to a real time of 1.5 fs.
In order to obtain the native conformation of the heteropolymer chain, simulated annealing is used. The initial conformation of the heteropolymer chain is open, and the initial velocities follow the Maxwell's distribution at the given temperature T.
D. Analyzed quantities
To show the detailed structural information of the fourhelix-bundle, the cross angles between adjacent helical subunits are calculated. First the direction vector of each subunit is obtained by
͑13͒
Here R s , is the vector of each helical subunit which is an average of the vectors among 1-4 pairs and 1-5 pairs of monomers. M is the maximal number of 1-4 pairs in one subunit. Since each subunit has 16 monomers, one has M = 12. r i+3 , and r i+4 , and r i are position vectors for the ͑i +3͒th, ͑i +4͒th, and ith monomers, respectively. For the accuracy of statistics, only 12 monomers in the middle part of each subunit are taken to calculate the subunit vector. In such a case, one has M = 8. Then the cross angle between two subunits ⍀ i,i+1 can be obtained from
Here cos ␣ i , cos ␤ i , cos ␥ i , and cos ␣ i+1 , cos ␤ i+1 , cos ␥ i+1 are the direction cosines for the ith and the ͑i +1͒th subunits, accordingly.
To measure the moving of the particle in the channel, the permeation time, which is the ensemble average of the total time steps for the particle to pass through the channel, is used. To obtain an ensemble average, up to 200 times of simulations with different initial conditions are proceeded. Then the average permeation time over all the runnings is defined as the MFPT, i.e., M . The maximal simulation time is 2 ϫ 10 7 steps which corresponds to a real time of 30 ns. When the particle fails to pass through the channel within the total simulation steps or diffuse into the lateral of the cavity, i.e., out of the channel, the permeation time is set to be 2 ϫ 10 7 . A variation rate of MFPT, Q A , with respect to a specific interested physical quantity A is defined as
where ⌬A is the variation of A, ⌬ M is the respective increment of MFPT when A is changed by ⌬A. The energy profile of particle is applied to show the change of potential energy along the channel axis. When calculating the energy profile, the particle is moved artificially along the channel axis ͑z axis͒. At each position of z, the particle is only allowed to move in the plane perpendicular to the z axis and equilibrate in this plane for 6 ϫ 10 5 time steps. Then the average potential energy during this equilibration is plotted as a function of the z axis. 23 To study the influence on the permeation of ion concentration, a particle reservoir is introduced just above the top of the channel. The particle reservoir is a cylinder box with radius of 8 Å and height of 20 Å, so the volume of the box is 4.02ϫ 10 3 Å 3 . The concentration of particle is about 0.4 mol/L when one particle is in such a box. To simulate the permeation of particle͑s͒ under various concentrations, different number of particles are placed randomly in the cylinder box. The simulation steps needed by a particle to enter the open mouth of the channel from the cylinder box is defined as the selection rate S . The time of passing through the channel for a particle after entering the open mouth is considered as the permeation time mentioned above. The simulations show that the selection rate is usually one order of magnitude faster than the permeation time. Hence, as a reasonable approximation in this model, the selection could be regarded as a continuous process and only the permeation time of a particle is taken to describe the process of running through the model channel. Then the transmembrane electrical current can be obtained by I = n/ ͑ M + S ͒. Here n q is the valence of the particle, and q is the unit electrical charge.
To investigate the multiparticle permeation process, i.e., many particles passing through the channel simultaneously, the multiparticle energy profile 23 and the multiparticle trajectories 18 are used. The multiparticle energy profile shows the energetic impact on one particle of other particles. In the case of two particles, the first particle is fixed at a specific position in the channel, and the second particle is moved along the helical bundle axis ͑Z axis͒ with a distance of 1 Å for each times. Then the second particle is equilibrated for 6 ϫ 10 5 time steps at each position of Z. During the equilibrations, the second particle is restricted to move only in the plane perpendicular to the Z axis. The average energy of the second particle in the equilibration is taken as the potential energy corresponding to the specific Z axis. This average energy provides the potential information of the second particle under the influence of the first particle. Hence, the relation between the average energy and the position at Z axis of the second particle is called the multiparticle energy profile. When three particles are involved the first two particles are located at specific positions in the channel and the third particle is moved along the Z axis in the same way as mentioned above. Then the potential energy of the third particle as a function of Z axis is obtained by using the above defined protocols.
The dynamic energy profile is also applied to show the dynamic process of permeation. Suppose there are already two particles in the channel aligned in Z direction. The first particle is near to the intracellular and the second particle is close to the extracellular. Then the energy profile of the third particle may be different from the above described single particle energy profile. In this case, new potential wells may be created at positions near the extracelluar. When the third particle enters the channel from the extracellular, it can stay in these new potential wells or jump to nearby wells which are separated by low energy barriers. Hence, the third particle may move close to the second particle and have strong influence on the second particle's energy profile. Under this interaction, the second particle will be pushed to new possible wells near its previous position. And last, the first particle's energy profile will also be changed under the influence of the second particle. This is somewhat a dynamic process, hence the energy profile obtained in this way is named after "dynamic energy profile." Other simulation details in obtaining the dynamic energy profile are the same as in caculating the normal multiparticle energy profile.
The trajectories of all particles can be obtained to show the dynamic multiparticle permeation process. In the case of two particles, the first particle is located in the channel at a specific position in advance and the second particle is put near to the open mouth, then the simulation begins. The trajectories of both particles are recorded. When studying the permeation of three particles, the first two particles are set in the channel at certain positions, and the third particle is released at the extracellular to start the simulation. All the trajectories for three particles are then recorded for further analysis.
III. RESULTS AND DISCUSSION
A. Channel properties
The native conformation of the four-helix-bundle model channel is shown is Fig. 1͑a͒ in the backbone presentation. The particle is put above the top of the four-helix-bundle. The two loops of the bundle form the open mouth and are considered as the extracellular part. The bottom part of the bundle, i.e., the "C" and "N" termini of the chain, is modeled as the intracellular part. The length of the bundle is about 35 Å which is set as the length of the model channel. This length is in accordance with the typical thickness of membrane. 3 The Z axis is along the axis of the helical bundle. It has been observed experimentally that the cross angles between adjacent helical subunits in many natural four-helix-bundle proteins are about 10°-20°. [31] [32] [33] In our four-helix-bundle model channel, the equilibrium values of cross angles between subunits are ⍀ 1,2 = 17°, ⍀ 2,3 = 21°, ⍀ 3,4 = 15°, and ⍀ 4,1 = 22°, respectively. The subscripts are the indices of the subunits. These angles are basically the same as the values of the natural proteins.
Figures 1͑b͒ and 1͑c͒ show more detailed information of the conformation of the bundle. Figure 1͑b͒ is viewed from the top of the channel. Each small circle with a number in it indicates a monomer and its sequential index along the chain. It is clear that the monomers distribute almost symmetrically around the center of the bundle. The central thick dashed circle depicts the pore of the channel with a radius of about 2 Å which is more or less the same as the radius of the narrowest part in potassium channel KcsA. 3 The bold line runs along the first helical subunit, i.e., from the 1st monomer to the 16th monomer ͑the other three subunits are not connected and not shown with bold line͒. From this line, it is obvious that each subunit has both inner side and outer side. The four dashed elliptic circles show four inner sides of four subunits, respectively. Apparently, all the subunits are not parallel to Z axis. The cross angles of subunits with respect to Z axis are ⍀ 1,Z = 28°, ⍀ 2,Z = 4°, ⍀ 3,Z = 24°, and ⍀ 4,Z = 14°, accordingly. The four inner sides compose a pore or a channel for the particle permeation. The perimeter along the four dashed elliptic circles is the boundary for inner sides. The largest solid circle shows the outer sides of the pore with radius about 7 Å. Figure 1͑c͒ is the distance distribution of monomers away from Z axis. The filled squares on the left of the graph are the average distances of the inner sides away from Z axis at each position of Z. The open circles on the right are the average distances of the outer sides of all subunits apart from Z axis. The distances to Z axis of monomers on inner parts of subunits vary from 2 to 4 Å. At around Z ϳ 30 Å, the radius of the pore reaches the overall minimum of R P ϳ 2 Å. There are also another two narrow necks at Z ϳ 45 Å and Z ϳ 55 Å, with the radius of 2.5 and 3.5 Å, respectively. At positions of the open mouth and the intracellular part, namely, the two ends of the channel, the radii are about 4 Å. In this paper, it is supposed that the interaction between particle and monomer satisfies the 12-6 LJ potential with a distance constant of 2 Å. Hence in most cases, at the three narrow necks there are attracting wells during the particle's permeation. For the outer sides of the subunits, it is observed that the radii do not change very much except at the place near to the open mouth. In general, the radius of the outer sides is around 6 Å. At the open mouth the radius increases to about 7 Å. This is because there are two loops in this region. From Fig. 1͑c͒ , it can be obviously seen that the interior structure of the channel is complex, and will affect the particle's permeation. Clearly, the model channel has many resemblances to the natural proteins, such as the cross angles, the length, and the inner radius. These coincidences make the model take the "real" biological ion channel as prototype.
B. Single particle permeation
In Fig. 2 , two individual trajectories of typical permeation processes are presented. The friction coefficients in Figs. 2͑a͒ and 2͑b͒ are = 0.05 and = 1.0, respectively. The driving force in both cases is F d = 0.2. The initial position of the particle is 10 Å above the open mouth of the model channel. In Fig. 2͑a͒ , the particle enters the open mouth ͑Z ϳ 55 Å͒ at 5 ϫ 10 5 time steps. After a very short time of staying at the open mouth, the particle jumps to Z ϳ 45 Å and vibrates around this place for about 2 ϫ 10 5 time steps. Then starting from 7.5ϫ 10 5 time steps, the particle goes down abruptly to Z ϳ 30 Å and oscillates around this position for about 1.7ϫ 10 6 time steps before permeating out of the channel. Whereas in Fig. 2͑b͒ , the particle enters the open mouth at about 2 ϫ 10 6 time steps. Beginning at 2.2 ϫ 10 6 time steps, the particle declines quickly to Z ϳ 45 Å and moves around for about 0.7ϫ 10 6 time steps. Then starting from 3 ϫ 10 6 time steps, the particle walks down suddenly to Z ϳ 30 Å. After vibrating at this place for about 6.4ϫ 10 6 time steps, the particle moves out of the channel. In these two cases, the total permeation time is around 4 and 15 ns, respectively, which are in qualitative accordance with the experimental observations and the full-atom simulation results. 18 It can be seen from Figs. 2͑a͒ and 2͑b͒ that the selection rates S ͑the time steps needed to enter the open mouth͒ are 5 ϫ 10 5 and 2 ϫ 10 6 time steps, respectively. The permeation times M are 2 ϫ 10 6 and 7.4ϫ 10 6 time steps, accordingly. Hence, compared with the total permeation time, the selection rate is indeed very fast. Thus the neglect of selection rate in studying the permeation will not bring about large errors at least in this model.
Another common phenomenon in both cases of Fig. 2 is the long time vibration of the particle at positions around Z ϳ 45 Å and Z ϳ 30 Å. And it is obvious that in both cases, the time staying at Z ϳ 30 Å is much longer than that at Z ϳ 45 Å. This is the result of what is shown in Fig. 1͑c͒ . At these two positions, the pore is narrower than that at other places. Thus the attraction from monomers traps the particle. Besides, at Z ϳ 30 Å, the radius of the pore has the overall minimal, hence the trapping time is the longest. This indicates that the permeation is hindered at these positions due to the interior structure of the channel. A comparative study of particle's passing through a structureless smooth pore shows that the particle permeates faster under the same driving force, and there are no obvious trapping positions. As a result, taking into consideration the interior structure of the channel shall be necessary in studying the permeation process.
The third common feature for the two cases of Fig. 2 is the jump from Z ϳ 45 Å to Z ϳ 30 Å, from Z ϳ 30 Å to Z ϳ 20 Å, and from Z ϳ 20 Å to Z Ͻ 0 Å. The jumps of the first and the last one seem to be unidirectional. It is already analyzed in Fig. 1͑c͒ that there are two narrow necks in the channel at Z ϳ 45 Å and Z ϳ 30 Å. Hence, the monomers around the necks attract the particle and prevent the particle from passing through the necks. Under the circumstance of without the driving force, it is found that the particle can jump back from Z ϳ 30 Å to Z ϳ 45 Å. Due to the existence of the unidirectional driving force, the reversal jumps can hardly happen. Anyway, the reversal jump from Z ϳ 20 Å to Z ϳ 30 Å is observed for many times during the simulations. This indicates a low energy barrier from Z ϳ 20 Å to Z ϳ 30 Å, as well as a strong attraction from Z ϳ 30 Å. The long time staying at Z ϳ 20 Å is the effect introduced by the intracellular loop. The particle is strongly attracted by the For explaining more clearly the above phenomena, the single-particle energy profile is presented in Fig. 3 . The energy profile is calculated by moving the particle along the bundle axis ͑see Sec. II͒. It can be seen that there are three major potential minima in the channel sited at Z ϳ 30 Å, Z ϳ 45 Å, and Z ϳ 54 Å. Besides, at Z ϳ 18 Å, there is also a shallow potential well. The four potential wells are denoted by "A," "B," "C," and "D" from the left to the right, respectively. The energy barriers from right to left are ⌬U D→C ϳ 0.8, ⌬U C→B ϳ 1.1, ⌬U B→A ϳ 2.2, and ⌬U A→I ϳ 0.9, accordingly. In which, A → I is the process from well A to the intracellular. The energy barriers in the reversal direction are ⌬U A→B ϳ 0.9, ⌬U B→C ϳ 0.9, ⌬U C→D ϳ 1.7, and ⌬U D→E ϳ 1.6, respectively. Where the process of D → E is from well D to the extracellular. Hence, in the case of no driving force, due to the diffusion movement, particle may have the probability to drift from the right to the left, which corresponds to the direction from the extracellular to the intracellular; or drift in the reversal direction as well. However, while adding the driving force on the particle, the direction from extracellular to intracellular is preferred. All the energy minima in the graph are in accordance with the structural profile in Fig.  1͑c͒ and the trajectories in Figs. 2͑a͒ and 2͑b͒ . It can be seen that the highest energy barrier is that from Z ϳ 30 Å to Z ϳ 20 Å. Thus, particle shall be trapped at Z ϳ 30 Å for the longest time. And because the potential well at Z ϳ 18 Å is very shallow, under the random movement, it is possible for the particle to jump back into the channel. Figure 4 is the MFPT ͑ M ͒ as a function of driving force under different friction coefficients. The maximal driving force is cut off at F d = 0.4, since this value is already much higher than that of the natural situation. From up to down, the friction coefficients are 10.0, 5.0, 1.0, and 0.05, accordingly. It shall be addressed that the horizontal lines at the top of the figure are definitely caused by the cutoff effect due to the limitation on the total simulation time. Long time behavior is not included in this paper. It is clear from the graph that there is a threshold value of the driving force for each curve, below the threshold value, the MFPT is near to or longer than 2 ϫ 10 7 time steps. According to the simulation assumptions, these permeations cannot be observed. The threshold value of the driving force can be defined as where the MFPT is 90% of the maximal simulation steps, i.e., 1.8ϫ 10 7 time steps. It can be seen that the threshold value increases with the friction coefficient. Under four friction coefficients, the threshold values are F d = 0.12, 0.15, 0.2, and 0.25, accordingly, which correspond to membrane voltages of 36, 45, 60, and 75 mV, respectively.
In the case of = 0.05, the curve shows that when the driving force is less than 0.1, M ϳ 2 ϫ 10 7 . These permeations are actually not observable. When the driving force is enhanced to 0.2, the permeation becomes very fast with M ϳ 10 6 time steps. The variation rate of MFPT with driving force is Q F = ⌬ M / ⌬F. In the force range of 0.12-0.2, Q F ϳ −2.1ϫ 10 8 . The negative sign shows that with increase in the driving force, the MFPT decreases. The sharp slope indicates that a small change in the driving force leads to a huge variation of MFPT. That is the transition from block state to permeable state. It happens within a very small range of driving force. Hence, the particle is either passing or not passing through the channel. The above range of driving force could be regarded as a transition range. By taking into consideration that F d ϳ 0.2 is comparable to a membrane voltage of 60 mV and MFPT ϳ10 6 means a real time of about 3 ns. It can be ascertained that the process of = 0.05 in Fig. 4 is similar to a voltage-gating permeation process. It is interesting to point out that when F d = 0.2 and = 1.0, the real permeation time is around 15 ns which is more similar to the natural situation. With the increase of friction coefficient, resemblant trends are also observed.
More interestingly, with the increase of , the driving force ͑i.e., the relative membrane voltage͒ needed for proceeding the gating will increase too. For = 1.0, 5.0, and 10.0, the required driving force are 0.25, 0.35, and 0.4, respectively. The slope of Q F at the transition range is flatter at higher friction coefficients than at lower friction coefficients. Although with further increase in the driving force, the MFPT will decrease continuously. The transition of Q F becomes flat. This indicates that at high limit of friction coefficients, mechanisms other than pure gating dominate the process.
The inset in Fig. 4 is the deduced electrical current as a function of membrane voltage. The particle is assumed to be monovalence. The graph is taken at = 0.05. The dashed line is the extrapolated data because the finite simulation steps reduce the accuracy of electrical current at the low limit of voltage. The current increases almost exponentially with voltage in the moderate range of voltage. Then at high voltage limit, there seems to be a saturated value of about 200 pA. When the friction coefficient is increased to = 5.0, the saturated current is around 10 pA ͑data not shown͒. Hence, the selection rate also has important influence on the current. These results are in qualitative accordance with that obtained by other simulation protocols. 22, 23, 34 Figure 5 is the influence on MFPT of interaction strength between monomer and particle. From up to down, the friction coefficients are = 6.0, 5.5, 5.0, 1.0, and 0.05, respectively. In general, when the interaction strength between monomer and particle is strong enough, the permeation is fully terminated. The trajectory analysis shows that the particle is trapped in the channel or diffused out of the channel. The uplimit of interaction strength at which the permeation is stopped, is also set at where the MFPT is 90% of the maximal simulation steps. For = 0.05, 1.0, 5.0, 5.5, and 6.0, the relevant uplimits of interaction strength are 0.7, 0.6, 0.53, 0.52, and 0.48, respectively. Hence, the smaller the friction coefficient, the easier the particle can pass through the channel. Decreasing the interaction strength continuously, the MFPT will decrease and incline to a stable value. For = 0.05, 1.0, 5.0, 5.5, and 6.0, the stable values of MFPT are 10 4 , 10 5 , 5ϫ 10 6 , 1ϫ 10 7 , and 1.8ϫ 10 7 time steps, accordingly. At high friction coefficients of Ͼ 6.0, due to the limitation on the maximal simulation steps, the changes in MFPT cannot be observed. According to the previous assumptions, the permeation is stopped. It is interesting to compare Q under various friction coefficients, where Q = ⌬ M / ⌬ IM is the variation rate of MFPT as a function of interaction strength IM . The data in the transition ranges are 1.2ϫ 10 7 , 5 ϫ 10 7 , 8ϫ 10 7 , 1ϫ 10 8 , and 3.1ϫ 10 8 time steps from up to down, accordingly. High friction coefficient has flat transition rate whereas low friction coefficient has sharp slope.
The graphs in Fig. 5 provide a picture of selection mechanism. Particles having strong interaction with monomers cannot pass through this channel. Hence, this channel selects particles which have weak interaction with monomers taking into consideration that the interaction between particle and monomer is LJ potential. Having a large Vdw radius leads to the same effect of strong attraction as having strong interaction strength does. In this way, this channel will also select particles which have small Vdw radius. Further simulations show that the uplimit of the Vdw radius is about 2.5 Å. It can also be expected that, especially in the artificially synthesized channels, when the water molecules in the channel are replaced by other kinds of molecules, the interaction strength between particle and monomer shall be very much different from the previous one. As a result, the permeation process will be affected greatly.
The inset of Fig. 5 is the variation of current with the interaction strength IM . This chart is calculated with n q =1 and = 0.05. The dashed line is also the extrapolated data. Clearly, at low interaction limit, the electrical current is saturated to about 200 pA. This indicates that the interior structure of the channel has nearly no influence on the permeation process. While at strong interaction limit, the dashed line shows that the current reduces to zero almost exponentially.
Figures 6͑a͒ and 6͑b͒ show the temperature effect on the particle's permeation. It is important to acquire the knowledge of temperature influence on biological bodies since many creatures have a favorable living temperature. In Fig.  6͑a͒ , the temperature is cut down at T = 0.3, because at higher temperatures, the conformational distance ␦ ͑Ref. 35͒ shows that the conformation of the model channel distorts a lot and makes the channel no longer physically interesting. It can be seen in this figure that when the temperature is too low, the particle is "frozen," and no permeation is observed. With increase in the temperature, the particle starts to pass through the channel. The gating temperature where the permeation begins, is also defined as where the MFPT is 1.8ϫ 10 7 time steps. So the gating temperatures are 0.04, 0.06, 0.08, 0.082, and 0.084 for = 0.05, 1.0, 2.0, 3.5, and 4.0, respectively. The relevant Q T is defined as Q T = ⌬ M / ⌬T, the data in the fastest descending areas ͑the transition range͒ are −2.1ϫ 10 8 , −2.3 ϫ 10 8 , −3.3ϫ 10 8 , −1.5ϫ 10 8 , and −1 ϫ 10 8 , accordingly. Thus, in the middle range of friction coefficient, i.e., 1.0 ഛ ഛ 2.0, the changes of Q T are bigger than that in other ranges. This could be regarded as the "temperature induced gating," i.e., in the specific range of temperature, the small change in the temperature may bring about huge influence on the permeation.
Further increasing the temperature, particles at low friction coefficient will have a stable value of MFPT. They are The inset in Fig. 6͑a͒ shows that the current increases exponentially with the temperature. The calculation parameters are the same as before. The relation between current and temperature is qualitatively similar to the experimental findings. 36 In Fig. 6͑b͒ , we can see another man-made situation where the temperature of particle reservoir is supposed to be different from the temperature of channel. It could come true when putting a hot channel ͑cell͒ into cold particle reservoir, or on the contrary, putting a cold channel into hot particle reservoir. The friction coefficients used here are = 1.0, 0.2, 0.1, and 0.05 from up to down, accordingly. The curves in this figure are quite different from what in Fig. 6͑a͒ . At the limit of high temperature of particle reservoir, particle runs through the channel very quickly. It seems to be an identical MFPT of M ϳ 10 5 time steps at various friction coefficients. Anyway, at the side of low temperature of particle reservoir, different friction coefficients have different pictures. When = 0.05, the low-temperature particle has a saturated MFPT which is about 5 ϫ 10 6 time steps. And Q T ϳ −7 ϫ 10 7 time steps at the transition range. At the situation of high friction coefficient, i.e., = 0.2 and 1.0, the MFPTs reach the maximum value ͑2 ϫ 10 7 ͒ relatively fast. The values of Q T are −2.9ϫ 10 8 and −2.2ϫ 10 8 , accordingly. For the middle case of = 0.1, the value of Q T is about −1.8ϫ 10 8 . It is clear that the MFPT increases almost exponentially when decreasing the temperature of particle.
It is interesting to compare the different behaviors at low friction coefficient ͑i.e., = 0.05͒ between Figs. 6͑a͒ and 6͑b͒ . The difference is when both the temperatures of particle reservoir and of channel are low, the permeation can hardly occur. But when only the temperature of particle reservoir is low, the particle can pass through the channel within a very limited time steps. For example, in Fig. 6͑a͒ , when T = 0.03, M ϳ 2 ϫ 10 7 which indicates the permeation is actually not observable in the simulations. But in Fig. 6͑b͒ , at the same temperature, M ϳ 5 ϫ 10 6 . This is a rather quick permeation process. The analysis on typical trajectories shows that when the temperatures of particle reservoir and of channel are low, the particle is trapped at the two narrow necks of the channel ͑Z ϳ 45 Å and Z ϳ 30 Å͒ for much longer time steps. The conformational analysis denotes that in this circumstance, the radii of the channel at Z ϳ 45 Å and Z ϳ 30 Å are 2.74 and 2.44 Å, respectively. When only the temperature of particle reservoir is low, the average radii at these two positions are 2.86 and 2.83 Å, accordingly. The former ones are apparently smaller than the latter ones. That is to say, when the channel is cool, it shrinks and makes the necks of the channel narrower than that at higher temperatures. It shall be complemented that the radii of channel discussed here are calculated when the particle is embraced in the channel. In the case of without particle in the channel, the radii are smaller than that with particle in it.
The inset in Fig. 6͑b͒ is the relation of current with the temperature of particle reservoir. All parameters are the same as mentioned above. It is interesting to note that the I-T relation can be divided into two sections and both seem to be linear. At low temperature of particle reservoir, the current is saturated at around 20 pA, while at high temperature of particle reservoir, the current increases almost linearly with the temperature of the particle reservoir.
C. Multiparticle permeation
It is more realistic to consider the situation involving many particles in the whole permeation process. The simplest one is that there are many particles at the extracellular side, and each time only one particle is allowed to run through the channel. Only after this particle reaches the intracellular side, the second particle is permitted to enter the channel. In all the simulations, when two or three particles are put at the extracellular side, the permeation is observed to be almost the same as the one-particle situation. Because in this model, the repulsive interaction distance between particles is one order less than the thickness of membrane or the dimension of the particle reservoir. Hence, when only one particle is allowed to enter the channel, the increase in particle number in the extracellular part is equal to weakly enhancing the repulsion between particles in the particle reservoir. As a result, the selection rate only has slight changes. Meanwhile, MFPT is dominated by the internal structure of the channel and will not be affected much by the repulsion. Consequently, the permeation behaviors are similar to the one-particle situation.
Anyhow, the more important situation involves many FIG. 6 . The influence of temperature on the MFPT. The abscissa is the temperature in a log base and the ordinate is the MFPT. The driving force is F d = 0.2. ͑a͒ Both the particle reservoir and monomers have the same temperature, and the uplimit of temperature is set at T = 0.3. The friction coefficients from left to right are = 4.0, 3.5, 2.0, 1.0, and 0.05, respectively. ͑b͒ Only the temperature of particle reservoir is changeable. The temperature of monomers is set to be 0.1. From up to down, the friction coefficients are = 1.0, 0.2, 0.1, and 0.05, accordingly. The insets are the currents as functions of channel temperature and the temperature of particle reservoir. The dashed line is extrapolated from the high limit of temperature.
particles in the channel simultaneously. Figure 7 is the energy profiles when particles are set at specific positions of the channel.
The two-particle situation is shown in Fig. 7͑a͒ . The dashed line is the single-particle energy profile ͑see Fig. 3͒ . The solid line shows the influence of the first particle, which is set in the channel in advance, on the second particle which enters the channel later than the first particle. The first particle is chosen to site in the channel at Z = 45 Å. Because as shown by the dashed line, the potential energy is the overall minimum at this point. For any particle entering the channel in advance, this position shall be the most favored one. It can be seen from Fig. 7͑a͒ that compared with the single-particle energy profile, the two-particle energy profile changes greatly at places where 35Ͻ Z Ͻ 56 Å. The deepest potential well at Z ϳ 45 Å in the single-particle circumstance becomes a huge energy barrier. The potential well at position D splits into two wells sited closely at Z ϳ 52 Å and Z ϳ 55 Å with the depth of Ϫ0.8 and Ϫ0.9, respectively. Besides, there is additionally a small potential well at Z ϳ 49 Å. These energy minima play important roles in the dynamic energy profile. The potential well at Z ϳ 40 Å is also lifted up, with the barrier to position B decreased from 0.5 to 0.2. As a result, in almost one half of the channel, all the potential wells become shallow. Thus, the later-coming particles are not easy to trap in these wells.
The dotted line gives the change of energy profile when the second particle enters the channel and resides at Z ϳ 49 Å. This is a "dynamic energy profile" since a part of the dynamic behaviors are taken into consideration in drawing this energy profile. From the solid line, it is apparent that the second particle can jump to Z ϳ 49 Å where there is a small energy well. At this time, the distance between the first and the second particle is short enough to have strong repulsion. Hence, the energy profile of the first particle will also be changed as shown by the dotted line. It is clear that compared with the single-particle energy profile, the previously deepest potential well at Z ϳ 45 Å becomes an energy slope. The position of the potential well is translated to Z ϳ 42 Å. The barrier to position B becomes shallow from 1.1 to 0.5. That is to say that when the second particle stays in the well at Z ϳ 49 Å, the first particle will be propelled to the new well at Z ϳ 42 Å. In addition, since the barrier to position C is decreased greatly, the first particle can overcome this barrier and permeate more easily to the well at Z ϳ 30 Å.
The three-particle situation is presented in Fig. 7͑b͒ . The dashed line is also the single-particle energy profile. The solid line is the energy profile when the first two particles are placed at Z = 30 Å and Z = 45 Å, respectively. It can be seen that all the potential wells in the channel are lifted up. The previous three wells at Z ϳ 30, 45, and 54 Å are transformed into five wells located at Z ϳ 26, 35, 40, 52, and 55 Å, respectively. The previous well depths are Ϫ2.2, Ϫ2.4, and Ϫ1.6; the new well depths are Ϫ0.9, Ϫ1.3, Ϫ1.1, Ϫ0.8, and Ϫ0.9, accordingly. There is still a small potential well at Z ϳ 49 Å with the depth of about Ϫ0.3. It can also be expected that the permeation process may be speeded up because the wells are shallower than before.
The dotted line is the dynamic energy profile for threeparticle process. The first two particles are located in advance in the channel at the same places as mentioned above. Previously in Fig. 7͑a͒ it has been shown that, when there is a particle at Z = 45 Å, the potential wells at around Z ϳ 55 Å become shallow and a small new potential well is created at Z ϳ 49 Å. When the third particle enters the channel and jumps into this small new well, the second particle located at Z = 45 Å will be pushed to the well at Z ϳ 40 Å. Then, as shown by the solid line of Fig. 7͑b͒ , due to the existence of the first particle which is in the channel at Z ϳ 30 Å, there shall be another small energy well at Z ϳ 35 Å. Since the barrier from Z =40 Å to Z = 35 Å is only 0.55, the second particle can overcome this barrier and jump to Z ϳ 35 Å. Then the first particle previously sited at Z = 30 Å will be strongly excluded. It is obvious from the dotted line that the well previously at Z ϳ 30 Å moves to Z ϳ 28 Å, and the barrier to position A is changed from 2.2 to 1.8. In the meantime, because the particle previously at Z ϳ 45 Å moves to Z ϳ 35 Å, it can be seen that the barrier at Z ϳ 45 Å becomes a potential well. Hence, the particle in the small well at Z ϳ 49 Å becomes energetically beneficial to the position of Z ϳ 45 Å. In this way, the permeation process may be accelerated. The experiments and other simulations on potassium channels also support a three-ion permeation mechanism. 37 In order to show the detailed permeation process when three particles are in the channel simultaneously, we present the trajectories of three particles in Fig. 8 . Originally, two particles reside at Z ϳ 30 Å and Z ϳ 45 Å, respectively. When the third particle enters the channel to Z ϳ 55 Å, the first particle at Z ϳ 30 Å moves out of the channel very quickly and the trajectory is not shown in the graph. Then, FIG. 7 . The multiparticle energy profiles. The dashed line is the singleparticle energy profile, which is the same as in Fig. 3 . A, B, C, and D are relevant four energy wells. ͑a͒ The two-particle energy profile. The solid line is the energy profile for the second particle when the first particle is fixed at Z = 45 Å, in the channel. The dotted line is energy profile of the first particle when the second particle falls into the energy well at Z ϳ 49 Å. ͑b͒ The three-particle energy profile. The solid line is the energy profile of moving the third particle along Z axis when the first two particles are set at Z = 30 Å, and Z = 45 Å. The dotted line is the energy profile of the first particle when the second and the third particles are placed at Z = 35 Å and Z = 55 Å, respectively.
there are now only two particles in the channel residing at Z ϳ 45 Å and Z ϳ 55 Å, accordingly. These two particles are denoted by the first and the second particle, respectively. After that, a new third particle enters the channel very quickly. Thus, there are again three particles in the channel, the whole permeation process is still a three-particle process. It is apparent that when the third particle runs into the channel, it will find the potential wells at around Z ϳ 55 Å. The second particle is first propelled forward slightly. Then starting from 2.8ϫ 10 6 time steps, the second particle takes a big jump to Z ϳ 45 Å while the third one stays in the well at Z ϳ 52 Å. Under the influence of second particle, starting from the 3 ϫ 10 6 time steps, the first particle is pushed to Z ϳ 40 Å and Z ϳ 35 Å for interim. Then beginning from 3.3 ϫ 10 6 time steps, the first particle jumps to the well at Z ϳ 28 Å. It shall be noted that since there is a rather big chamber in the channel, hence the coordinates of different particles on Z axis may overlap, but their actual spatial distance may be long enough to avoid the strong repulsion. After a long time equilibration, starting from 7.3ϫ 10 6 time steps, the third particle tries to penetrate down the Z axis. It occupies the wells around Z ϳ 45 Å at 7.6ϫ 10 6 time steps. The second particle is firstly repelled to Z ϳ 40 Å at 7.8 ϫ 10
6 time steps and then to Z ϳ 35 Å at 9.2ϫ 10 6 time steps. Under this influence, beginning at 9.6ϫ 10 6 steps, the first particle is pushed to Z ϳ 20 Å. At this time, the second and the third particles reside at positions of Z ϳ 28 Å and Z ϳ 45 Å, respectively. When the first particle is expelled out of the channel, another particle shall enter the open mouth from the extracellular, and a new permeation circulation begins.
D. Permeation through a five-helix-bundle
It is interesting to generalize the above approach to a five-helix-bundle ion channel, such as the common ion channel of MscL, 7 and compare the result of permeation with that of four-helix-bundle. In the native state of the ion channel MscL, five independent helices are assembled together to form a bundle. Thus a cavity is encompassed in the interior of the bundle. It is obvious that the construction and alignment of helices are very similar to that of the four-helixbundle channel KcsA studied above. The construction of five-helix-bundle from arbitrary initial conformation is somewhat difficult and hence needs further study. However, since what we are interested in now is only the permeation process, it is reasonable to choose a five-helix-bundle as the initial conformation and adopt potential parameters which can keep the stability of this conformation. For this purpose, a set of potential parameters is chosen as follows, i.e., A = B = C = 2.3 and D = 0.1 for the dihedral angle potentials, = 2.1 and ij = 1.4d 0 for the Lennard-Jones interactions. The mass of each monomer is increased to m New = 100 m to mimic the complex structure of the real pentameric ion channel. All other parameters and the interaction between particle and monomers are kept unchanged. In such a way, the fivehelix-bundle during the simulation will vibrate around its equilibrium position where there is a cavity in the interior. Hence, the particle may pass through the five-helix-bundle under the undirectional force. Figure 9 shows the results of permeation of the particle through a five-helix-bundle under different friction coefficients compared with that through a four-helix-bundle. It is a clear that the permeation properties of these two circumstances are very similar. At the low limits of the friction coefficient, the permeation is very fast and the particle runs through the bundle within 10 5 time steps, while at the higher friction coefficients, the permeation is slowed down and finally reaches the saturated value of 2 ϫ 10 7 time steps. However, the permeation time of the particle through the fivehelix-bundle is always much faster than that through the four-helix-bundle. For example, when = 1.0, the MFPT for five-helix-bundle is 5.1ϫ 10 6 time steps, while MFPT for four-helix-bundle is 9.2ϫ 10 6 time steps. Such variation of the permeation time mainly originates from the difference of internal structures between two kinds of bundles. Conformation analysis shows that the minimum diameter of the internal cavity for the four-helix-bundle channel is about 4 Å, while in the five-helix-bundle, the minimum diameter for the internal pore is around 10 Å. However, the relative positions of different helices of the five-helix-bundle deviate obviously from the real situation. This is the limitation of our present approach. Hence the generalization of five-helix-bundle needs further study.
IV. SUMMARY
A coarse-grained model of four-helix-bundle protein is applied to mimic the ion channel. The analysis on the struc- tural properties shows that the cross angles between subunits of the four-helix-bundle and the distribution of monomers are very similar to that of the natural ion channels. The diameter of the internal cavity of the model channel is also very resemblant to that of ion channels observed in experiments.
It is found that the permeation process depends greatly on the interior structure of the model ion channel. The study on both the conformation and energy profile shows that the narrow necks in the channel trap the particle and prevent it from passing through the channel.
This model shows the characteristic of gating induced by driving force, which is comparable to the static membrane voltage on the cell. The smaller the drying force, the slower the permeation is. The temperature also has strong influence on the permeation process. Generally, raising the temperature will speed up the permeation. Besides, the strong interaction strength between the monomer and the particle obstructs the permeation. For particles having the same interaction strength, the larger the Vdw radius, the slower is the particle permeation. In addition, there is an uplimit of the Vdw radius for the permeable particles. In one word, the channel has the selectivity on particles of small radius or of weak interaction with monomer. It shall be noted that this is not the real selectivity mechanism. As we know, almost all ion channels are composed of complicated combination of many different domains. All these domains may contribute to the stability of the structure or the functions of the ion channel. Furthermore, specific amino acid may also greatly influence the functions of the ion channel. Hence, a coarse-grained model is indeed too simple to explain the selectivity mechanism, especially when this model does not retain all the domains of the real ion channel, although this model provides interesting information of the particle on the permeation process. It seems clear that in order to explain the selectivity mechanism, the full-atom model or other advanced models are needed.
The friction coefficient in the channel also plays an important role in the permeation process. It is observed that with the increase of the friction coefficient, the simulation steps needed by the particle to pass through the channel increases. The smaller friction coefficients used in this paper have been widely applied in coarse-grained protein folding simulations and are in accordance with Kramer's low limits. 30, 35 It has been argued by Cieplak and co-workers, 35 as well as Onuchic and collaborators, 38 that the viscous friction may have almost linear impact on the system. It is expected that the smaller fictions can still give an approximate illustration on the physical picture of the permeation. It seems that the use of a small friction ͑viscosity͒ is based on the model itself. Since some interaction terms, such as the explicit interaction of the amino acids with the water molecule, are implicated in the effective Lennard-Jones term. Therefore, the friction for the particles is an effective one. It is expected that due to the small number of water molecules in the nanoscale space within the interior of the ion channel, the postulation of continuum fluid is no longer eligible. The friction of water molecules shall be explained by the collisions between water molecules and the passing particle.
Hence, the friction coefficient deduced from the continuum fluid may be different from the effective friction coefficient which is obtained by the collisions between water molecules and particle. Under the elastic collision mechanism, the velocity of the particle after the collision is about 6% of the velocity before the collision. On the other hand, when the effective friction coefficient of 0.05 is used, the velocity decreases to 7% of the initial velocity after a time period which is comparable to the interval between two consecutive collisions. These results indicate that the effective friction coefficient used in this paper is a reasonable approximation to mimic the collision mechanism. In order to check the influence of friction on the permeation, we have simulated the permeation of particles by adopting higher frictions. The highest friction coefficient corresponds to the viscosity of N a + in water at room temperature, which makes the friction coefficient at the order of 100 in reduced unit. The results show that the bigger the viscosity, the more time the particle needs to drift, and also the bigger is the driving force needed. However, the basic physical pictures and the trends are almost the same. It is interesting to note that in the artificially synthesized ion channels, the internal water molecules may be replaced by other small molecules. Hence, the internal friction coefficient should be very different from that of water molecules and have more significant influence on the permeation. It is obvious that the effective friction coefficient used in this paper is chosen relevant to the real situation for obtaining reasonable results. Although these friction coefficients are normal in coarse-grained protein folding researches, the best way of matching the experimental requirements is the application of full-atom molecular dynamics.
The generalization of this coarse-grained approach to five-helix-bundle shows that the basic permeation physics is quite similar to that for four-helix-bundle. However, the conformational properties of the five-helix-bundle deviate from the experimental observations of homopentamer ion channel. Hence, further studies to the approach and on the process are needed.
Through the analysis on the multiparticle energy profile, the dynamic energy profile and the multiparticle trajectories, it is found that the four-helix-bundle model channel prefers to take a multiparticle permeation protocol. Although this result can be easily achieved by the comparison of MFPTs between various conditions, it is interesting to use above mentioned protocols to present the detailed dynamic information on the permeation processes. With two or three particles residing in the channel simultaneously, the energy wells become shallow and hence facilitate the permeation. In an actual three-particle process, when the third particle is attracted into the channel by the monomers, the first particle which is set to be the closest to the intracellular will penetrate first under the effect of driving force together with the repulsion from the second and the third particles. Then the second particle takes the position previously occupied by the first particle, and the third particle goes to the place where the second particle was. This is one circle of the threeparticle permeation process.
